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Bisphenol A (BPA) is a typical endocrine disruptor. Bisphenol S (BPS) has been widely used as a substitute

for various plastic materials due to the limited application of BPA. However, it does not mean that BPS is a

safe substitute due to the lack of effective evaluation of BPS. In this study, the clinical model of

Caenorhabditis elegans (C. elegans) was used to study the effects of BPS on the locomotion behavior,

growth, reproduction, lifespan and antioxidant system. Our study found that C. elegans exposed to

0.01 μM BPS could have significantly inhibited locomotion behavior and growth, as well as damaged

reproductive and antioxidant systems and lifespan. It is interesting to note that in multi-generational

exposure studies, we found that BPS exhibits complex genotoxicity. With the transmission to the

offspring, BPS showed more significant inhibition of the head thrashes of the nematode, while the effect

on the body bends and body length was gradually weakened. The effect of BPS on the brood size shows

different rules according to different concentrations and offsprings. Therefore, the safety of BPS still

needs further evaluation, especially the multi-generational genotoxicity.

1. Introduction

Bisphenol A (BPA), an endocrine-disrupting chemical, has
been widely used in the synthesis of polycarbonates and epoxy
resin.1–3 BPA is suspected to affect a variety of physiological
functions and to be associated with many human diseases
such as diabetes, obesity, reproductive disorders, cardio-
vascular disease, birth defects, and breast cancer.4–6 Since
increasing pieces of evidence showed the negative effects of
BPA on human health, it has been prompted to be removed
from consumer products.7 As early as 2009, Canada was the
first to ban the use of BPA in infant and baby bottle products.
The United States (2010), the European Union (2011) and
China (2011) have followed suit. France even began to ban the
use of bisphenol A in food packaging materials in 2015.8–10

Bisphenol S is a structural analog of bisphenol A which is
widely used as a substitute in a variety of products such as
baby bottles, thermal receipt paper, food packaging materials

and personal care products.2,11–13 In Europe, the annual pro-
duction of BPS is between 1000 and 10 000 t, and steadily
increases.14 In 2013, the detection concentration of BPS in
Taihu Lake was 2 ng L−1. In 2016, BPS was detected again and
the detection concentration was 6.4 ng L−1 which significantly
increased compared to that reported in 2013.15–17 In 2015, the
occurrence of BPS was determined in surface waters sampled
from four Asian countries: China, India, Japan, and Korea.18

For indoor dust, the mean concentrations of BPS were found
to be 220 ng g−1 in samples from 12 countries including
China, Colombia, Greece, etc.19 Food and the environment are
the main ways for humans to be exposed to BPS. The mean
and median concentrations of BPS in 267 food samples in the
United States were 0.13 and 0.005 ng g−1 (fresh weight),
respectively.20 The occurrence of BPS in Chinese food was
almost the same as that in the United States. 23% of BPS in
289 samples was detected, and the concentration was from ND
to 42.3 ng per g(fresh weight).21 BPS has also been detected in
urine from the citizens of 8 countries and within the same
concentration ranges as BPA.12,22,23 Indeed, BPS has been
detected in human blood and infant cord blood.24,25

Studies have shown that BPS has estrogen, antiandrogen
and anti-thyroid hormone properties, which may adversely
affect the reproductive system, endocrine system and nervous
system of C. elegans and humans, and may cause oxidative
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stress.7 Ullah et al. showed that BPS caused a significant
increase in reactive oxygen species and lipid peroxidation in
rat testis, while the antioxidant enzyme activity and protein
content were significantly reduced.26 Similarly, plasma and
testicular testosterone concentrations are also reduced.
Together with the modification of antioxidant system activity
and induction of DNA fragmentation in vitro, BPS resulted in a
decrease in daily sperm production and significant DNA
damage in vivo.27,28 Recent studies showed that BPS could
cause developmental toxicity, hormonal imbalance and repro-
ductive failure in adult zebrafish.29,30 Exposure of F1 embryos
to BPS resulted in worse hatchability and increased malfor-
mation rates compared to those without BPS exposure.31 BPS
can alter the normal developmental timing of the critical
neuroendocrine center, the consequences of which can lead to
early synaptogenesis and improper fine-tuning of the brain
later in development.32

With the increasing use of BPS, human beings were con-
stantly exposed to an environment with BPS, which turns out
to be unbeneficial. There are many indications that BPS has
become a “regrettable substitution”. Compared with BPA, BPS
has higher thermal stability, stronger skin permeability, and
better absorption, and may cause heavier burden on the
human body.22,33–35 At present, the toxicology of BPS has not
been fully studied before application, so the safety of BPS has
received more and more attention, especially the low toxicity
effect of BPS. In this study, BPS was exposed to C. elegans to
study its effects on the locomotion behavior, growth, reproduc-
tion, lifespan and oxidative stress. The genotoxic effects of BPS
were studied by multi-generational exposure. Compared with
other model organisms, C. elegans has the advantages of small
size, strong reproductive ability, easy cultivation, and low
cost.36 C. elegans is one of the classic model organisms in toxi-
cological evaluation which is sensitive to exogenous com-
pounds. The objective of the current study is to more compre-
hensively evaluate the toxicity of BPS.

2. Materials and methods
2.1 Reagents and strains

BPS (purity ≥ 98%) was purchased from Sigma-Aldrich. BPS
was dissolved in absolute ethanol and different BPS original
solutions were obtained. BPS original solutions were diluted to
0.001, 0.01, 0.1, 1, 10 and 100 μM with M9 buffer before
exposure. All absolute ethanol concentrations were 0.1% in
final BPS solutions. C. elegans exposed to 0.1% absolute
ethanol in M9 buffer served as the control, which was known
as a nontoxic dose of absolute ethanol.

Nematodes used in the present study were wild-type N2,
originally obtained from the Caenorhabditis Genetics Center
(CGC). Nematodes were maintained on nematode growth
medium (NGM) plates seeded with Escherichia coli OP50 at
20 °C as described in ref. 37. Gravid nematodes were lysed
with a bleaching mixture (1 M NaOH, 10% NaHOCl) to obtain
an age-synchronized population of L1-larvae. C. elegans was

exposed to BPS from L4-larvae for 24 h. During the exposure
duration, the BPS solutions were stable. Although we cannot
guarantee the adequate uptake of BPS by nematodes, the pre-
vious study has demonstrated that this exposure route for drug
administration was effective in nematodes.34 Nematodes were
used for toxicity evaluation with lethality, locomotion behav-
ior, growth, reproduction, lifespan, total superoxide dismutase
(SOD) and intestinal reactive oxygen species (ROS) as the
endpoints.

2.2 Lethality

According to the experimental design, BPS was dissolved in
absolute ethanol to prepare the original solution at concen-
trations of 0.25, 0.5, 1, 1.5 and 2 M and then diluted with S
liquid medium to get the final BPS concentrations of 0.25, 0.5,
1, 1.5 and 2 mM; the final concentration of ethanol in the BPS
solution was 0.1%. S liquid medium with 0.1% absolute
ethanol served as the control. Since the high concentration of
BPS solution was difficult to dilute, the preparation of the high
concentration BPS solution was assisted by ultrasonic and
water bath heating. A 200 μl aliquot of test solution for BPS
was added to each well of the 96-well plates, which were sub-
sequently loaded with 30 nematodes for each concentration.
C. elegans was exposed from L4-larvae to day 1, and the
inactive ones were scored under a dissecting microscope.
Nematodes were judged to be dead if they did not respond to a
stimulus using a small, metal wire.38 Lethality of nematodes
was evaluated by the percentage of survival of C. elegans. Three
replicates were examined per experiment.

2.3 Locomotion behavior

Locomotion behavior was evaluated by both the head thrash
and the body bend. To assay head thrash, the examined nema-
todes were exposed to BPS from L4-larvae to day 1. Head
thrash, defined as a change in the direction of bending at the
mid body, was counted for 1 min. Body bend was counted as a
change in the direction of the part of nematodes corres-
ponding to the posterior bulb of the pharynx along the y-axis,
assuming that the nematode was moving along the x-axis, and
was counted for 20 s.39–41 Twenty nematodes were examined
per experiment.

2.4 Growth alteration assays

Growth of nematodes was assessed by the body length.
C. elegans was exposed to BPS from L4-larvae to day 1.
Photographs were taken of the nematodes on the day 1 of
adulthood, and the body length of each individual nematode
was analyzed by using Image J software.40 The test was per-
formed at least 3 times.

2.5 Reproduction assays

C. elegans was exposed to BPS from L4 larvae to day 1 and then
individually transferred to a fresh plate each day until repro-
duction ceased. The offsprings of C. elegans were counted at
the L3 stage. The test was performed at least 3 times.42–44
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2.6 Lifespan assays

Lifespan analysis was performed in the same manner for all
nematodes at 20 °C. The examined nematodes were trans-
ferred into new NGM plates daily from day 1 to day 4 after
nematodes were acutely exposed to BPS. Nematodes would be
transferred every 2 days into new NGM plates from day 5.
Surviving C. elegans samples were counted daily (starting on
the first day of adulthood) until all nematodes had died.
C. elegans samples that did not move when gently prodded
(with a platinum wire) were scored as dead. Nematodes
suffering from internal hatch (a defect in egg laying) and those
that crawled off the NGM plate were not included in the life-
span counts.42,45–47 The lifespan assays were performed at
least 3 times.

2.7 Analysis of intracellular oxidative free radicals

To quantify whether the examined BPS treatment activated
the oxidative damage, ROS production was assayed.
Intracellular ROS was measured using 2′,7′-dichlorodi-
hydrofluorescein diacetate (H2DCFDA). Non-fluorescent
DCF-DA is a free cell permeable dye, which is readily con-
verted to fluorescent 2′,7-dichlorofluorescein (DCF) due to
the interaction with intracellular peroxide (H2O2). The
nematodes exposed to BPS from L4-larve to day 1 were
transferred to M9 buffer containing 1 M CM-H2DCFDA to
pre-incubate for 3 h at 20 °C. The ROS level of each tested
nematode was detected by using a multi-function fluo-
rescence microplate reader. The excitation and emission
wavelengths were set to 485 nm and 535 nm, respectively.
The unit of the ROS level is defined as the relative fluo-
rescence intensity per 50 tested nematodes.48 The test was
performed at least 3 times.

2.8 Analysis of intracellular total superoxide dismutase

To further quantify whether the examined BPS treatment acti-
vated oxidative damage, SOD production was determined. The
xanthine and xanthine oxidase reaction system produces super-
oxide anion radicals (O2

−), which oxidize hydroxylamine to form
nitrite, which is purple-red under the action of a color develo-
per. SOD can inhibit superoxide anion radicals and reduce the
formation of nitrite. The examined nematodes exposed to BPS
from L4-larve to day 1 were ultrasonically disrupted and reacted
with the kit. After the end of the reaction, the absorbance was
measured at a wavelength of 550 nm.49 The test was performed
at least 3 times.

2.9 Statistical analysis

All data were expressed as means ± standard error of the mean
(SEM). Graphs were generated using GraphPad Primer 7; stat-
istical analysis was performed using SPSS 19.0 software. One-
way analysis of variance was used for comparison between the
control and the exposed groups. Probability levels of 0.05 and
0.01 were considered statistically significant.

3. Results
3.1 LC50 of BPS acute exposure to C. elegans

To investigate the toxic effects of BPS, LC50 was tested by acute
exposure of BPS to C. elegans for 24 h. Table 1 displays the sur-
vival after acute exposure to different concentrations of BPS.
The calculation was performed using the PROBIT module in
the SPSS software. Data analysis showed Sig = 0.000 < 0.05,
indicating a good linear fit. According to the analytical
equation, PROBIT(P) = −1.983 + 1.141X, when PROBIT = 0.5,
the obtained LC50 = (0.5 + 1.983)/1.141, LC50 = 2.18 mM L−1,
and converted to 545.59 mg L−1.

3.2 Effect of BPS on the locomotion behavior of C. elegans by
acute exposure

To investigate the effects of BPS on the locomotion behavior of
C. elegans by acute exposure, we assayed the effects of BPS on
head thrashes and body bends of nematodes (Fig. 1A and B;
raw data, ESI, Table S1†). BPS could significantly (p < 0.01)
decrease the head thrashes of C. elegans at concentrations
above 0.01 μM. When BPS concentrations were 0.01 μM and
100 μM, the head thrashes of nematodes decreased by 15.21%
and 17.4%, respectively, compared with the control. As for the
body bends, there was a significant (1 μM, p < 0.01; 10 μM, p <
0.05; 100 μM, p < 0.01) decrease in the exposure groups from
1 μM to 100 μM. Body bends were decreased by 20% at a con-
centration of 100 μM compared with the control. With regard
to the tested locomotion behavior, the exposure group of
100 μM showed the most negative effects.

3.3 Effect of BPS on the body length of C. elegans by acute
exposure

The body length is an important manifestation of nematode
growth and development; Fig. 1C (raw data, ESI, Table S2†) dis-
plays the effect of different concentrations of BPS on the body
length of C. elegans by acute exposure. Compared with the
control, the body length was significantly (p < 0.01) decreased
in the exposure groups from 0.01 μM to 100 μM. The body
length was decreased by 15.00% at a concentration of 0.01 μM
compared with the control. The exposure group of 100 μM
showed the most negative effects, and the body length was
decreased by 15.27% compared with the control.

Table 1 Effects of BPS on the LC50 value of C. elegans after 24 h acute
exposure

Concentration/mM Total Survival

0 30 30
0.25 30 30
0.5 30 26
1 30 22
1.5 30 18
2 30 13
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3.4 Effect of BPS on the brood size of C. elegans by acute
exposure

To investigate the effects of BPS on the reproductive toxicity of
C. elegans by acute exposure, we assayed the effects of BPS
on the brood size of nematodes (Fig. 1D; raw data, ESI,
Table S2†). The brood size was significantly (p < 0.01)
decreased in the exposure groups from 0.01 μM to 100 μM.
When the exposure concentration of BPS was 100 μM, the
brood size decreased most significantly, which decreased
45.39% compared with the control.

3.5 Effect of BPS on the lifespan of C. elegans by acute
exposure

We acutely exposed C. elegans to different concentrations of
BPS to study its effect on the lifespan and produced a lifespan
curve as shown in Fig. 2 (raw data, ESI, Table S2†). The lifespan
of C. elegans was significantly inhibited in the exposure groups
from 0.01 μM to 100 μM. The lifespan of the control was 24
days, and the lifespan was decreased to 21 days when the BPS

Fig. 1 Toxicity evaluation of physiological traits after acute exposure to BPS. A: Comparison of head thrashes of the exposed C. elegans; B: com-
parison of body bends of the exposed C. elegans; C: comparison of the body length of the exposed C. elegans; D: comparison of the brood size of
the exposed C. elegans. Data (mean ± SEM) are expressed as the percentage value compared to the control group. The asterisks indicate significant
differences between the exposure group and control group. *p < 0.05, **p < 0.01.

Fig. 2 Toxicity evaluation of BPS acute exposure to C. elegans.
Comparison of the lifespan of the exposed C. elegans. Data (mean ±
SEM) are expressed as the percentage value compared to the control
group. The asterisks indicate significant differences between the
exposure group and control group. *p < 0.05, **p < 0.01.
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concentration was 0.01 μM. Compared with the control, the life-
span was reduced by 12.50%. When the concentration of BPS
was 100 μM, the lifespan of nematodes decreased the most,
which was decreased by 15.27% compared with the control.

3.6 Effect of acute exposure to BPS on the biochemical
criterion of C. elegans

We evaluated whether BPS treatment could cause damage to
the oxidation system. ROS levels were examined in C. elegans
exposed to BPS (Fig. 3A; raw data, ESI, Table S3†). We found
that ROS levels were significantly (p < 0.01) increased in the
exposure groups from 0.01 μM to 100 μM. Compared with the
control group, the ROS was increased by 778.13%. SOD levels
were also examined in C. elegans exposed to BPS (Fig. 3B; raw
data, ESI, Table S3†). We found that SOD levels were signifi-
cantly (p < 0.01) reduced in the exposure groups from 0.01 μM
to 100 μM. Compared with the control group, the SOD was
reduced by 47.17%. The results of acute exposure to BPS on
superoxide dismutase (SOD) in C. elegans complemented the
results of the reactive oxygen species (ROS) study. Both results
indicated that BPS could cause oxidative damage to nematodes.

3.7 Effect of BPS on the locomotion behavior of C. elegans by
multi-generational acute exposure

In the above study, we examined the effects of acute BPS
exposure on the locomotion behaviors (head thrashes and
body bends), growth, and reproduction of C. elegans in the
G1 generation. We found that BPS could cause a negative
impact on C. elegans. On this basis, we further studied the
influence of BPS on nematodes by multi-generational
exposure. As shown in Fig. 4A (raw data, ESI, Table S4†), the
head thrashes significantly decreased from 0.01 μM to 100 μM
in four generations. At concentrations of 0.01 μM and 100 μM,
the head thrashes of G4 generation nematodes showed a
significant (p < 0.01) decrease compared with those of the

G1 generation. At the G4 generation, head thrashes showed a
significant (p < 0.01) decrease compared to the G1 generation
from 0.1 μM to 1 μM. Fig. 4B (raw data, ESI, Table S4†) shows
that the body bends significantly (G1 and G2, p < 0.05; G3, p <
0.01) decrease compared to the control from G1 to G3. There
was no significant effect in the G4 generation compared to the
control. At the concentration of 1 μM, body bends showed a
significant (G3, p < 0.05; G4, p < 0.01) increase compared to
the control from G3 to G4. The concentration of 100 μM had
similar results compared to 1 μM.

3.8 Effect of BPS on the body length of C. elegans by
multi-generational acute exposure

Growth was investigated by measuring the body length
(Fig. 4C; raw data, ESI, Table S4†). At the lowest tested concen-
tration (0.001 μM), BPS did not significantly affect growth over
four generations. The body length of the four generations of
C. elegans was significantly reduced at a concentration of 0.01
to 100 μM compared with the control. However, compared
with the G1 generation, the G4 generation body length
increased significantly (0.01 and 100 μM, p < 0.05; 10 μM, p <
0.01) at concentrations of 0.01 μM, 10 μM and 100 μM. This
result indicates that the effect of BPS on the body length of
C. elegans was gradually weakened with the passage through
different generations.

3.9 Effect of BPS on the brood size of C. elegans by multi-
generational acute exposure

Reproduction was assessed by the brood size (Fig. 4D; raw
data, ESI, Table S4†). Similar to the growth assay, BPS exposure
at a concentration of 0.001 μM did not significantly affect the
brood size from G1 to G4. However, compared with the
control, the brood size of the four generations of C. elegans
was significantly reduced at a concentration of 0.01 to 100 μM.
At a concentration of 0.01 μM, the G3 generation showed there

Fig. 3 Toxicity evaluation of BPS acute exposure to C. elegans. A: Comparison of the ROS level of the exposed C. elegans; B: comparison of the
SOD level of the exposed C. elegans. Data (mean ± SEM) are expressed as the percentage value compared to the control group. The asterisks indi-
cate significant differences between the exposure group and control group. *p < 0.05, **p < 0.01.
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were significant (p < 0.01) effects on nematodes compared with
the G1 generation. Different to the concentration of 0.01 μM, at
concentrations of 0.1 μM and 1 μM, the G2 generation showed a
significant (0.1 μM, p < 0.05; 1 μM, p < 0.01) increase and the
G3 generation showed a significant (p < 0.05) decrease com-
pared with the G1 generation. At the highest concentration of
100 μM, the G2 generation showed a significant (p < 0.05)
decrease compared with the G1 generation.

4. Discussion

As a substitute for BPA, BPS is widely used in food packaging
materials. For the first time, we used C. elegans as a model
organism to comprehensively assess the effects of BPS on loco-
motion behavior, growth, reproduction, lifespan, and anti-
oxidant systems. We specifically studied the effects of acute
exposure to BPS on the first generation, and on this basis, the
effects of BPS on multiple generations were studied. In the
present study, we found that BPS could cause negative effects
on C. elegans.

The acute toxicity test showed that 24 h-LC50 BPS response
of C. elegans was 545.59 mg L−1. 24 h LC50 BPA response
of C. elegans has been reported in the literature as
327.24 mg L−1.50 Another study showed that the 24 h and 48 h
EC50 values of Daphnia magna in response to BPS were 76 and
55 mg L−1, respectively; however, the 24 h and 48 h EC50

values of Daphnia magna in response to BPA were 24 and
10 mg L−1.51 The 96 h LC50 of the freshwater amphibian
(Pelophylax nigromaculatus) in response to BPS was >100
mg L−1.52 Crump et al. injected BPS into the air chamber of
unincubated fertilized chicken embryos and assessed that the
LD50 of acute BPS exposure to chicken embryos was approxi-
mately 279 mg g−1.53 Different species show different resis-
tance to the toxicity of BPS. Our study found that nematodes
can show more sensitive responses to the toxicity of BPS,
which may be related to the nematode's rich nervous system.36

It could also be seen that the toxicity of BPS was lower than
that of BPA, but it does not mean that BPS is safer than BPA.
BPS still lacks an effective safety assessment, especially its
potential toxicity. Many investigations have shown that we are
in a relatively safe concentration exposure range. According to
the concentration of BPS in urine, Liao et al. estimated the
concentrations of BPS exposed to humans in the United States
and seven Asian countries. The levels of estimated daily intake
in Japan (1.67 μg day−1, median), China (0.339 μg day−1), the
US (0.316 μg day−1) and Kuwait (0.292 μg day−1) were higher
than those of other target countries.23 However, low concen-
trations of BPS do not imply a safe concentration, and many
studies have shown that BPS displays comparable biological
effects even at much lower doses. Furthermore, BPS may be
more chemically stable and less biodegradable, and have a
higher skin penetration level than BPA.22,33,34,54 Therefore,
based on the actual concentration of people’s daily exposure,

Fig. 4 Toxicity evaluation of BPS in multiple generations of continuous exposure to C. elegans. A: Comparison of head thrashes of the exposed
C. elegans; B: comparison of body bends of the exposed C. elegans; C: comparison of the body length of the exposed C. elegans; D: comparison of
the brood size of the exposed C. elegans. Data (mean ± SEM) are expressed as the percentage value compared to the control group. The asterisks
indicate significant differences between the exposure group and control group. *p < 0.05, **p < 0.01.
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we chose low concentrations of BPS exposed to C. elegans to
study the effects.

In the present study, endpoints of locomotion behavior
were used to evaluate the neurotoxicity of C. elegans. The
results indicated that BPS could have negative impacts on the
locomotion behavior of C. elegans, especially on the head
thrashes. The head thrash was most sensitive among the
tested endpoints for assessing the toxicity of BPS.
Interestingly, our data suggest that BPS has nonlinear effects
on the locomotion behavior of C. elegans, and low concen-
trations (0.01 μM) of BPS can significantly inhibit nematode
head thrashes and body bends. Its structural analog BPA has
been used as one of the most common models for demonstrat-
ing the low dose and non-monotonic nature of hormones (and
EDCs) that regulate or affect the endocrine system.55 Thus,
BPS may also have this property, which produces a more sig-
nificant effect at low concentrations. Endocrine disruptors,
similar to endogenous structures, may alter the biosynthesis,
degradation, or excretion of hormones in the organism,
causing changes in the homeostasis of the organism.56,57

Studies have shown that BPA exposure as a typical endocrine
disruptor was associated with a variety of health symptoms,
including changes in neurological disorders, dysplasia, and
reproductive disorders.58–60 We suspect that BPS may have
similar effects. Kinch et al. found that BPS can alter the
normal developmental timing of the critical neuroendocrine
center, the consequences of which can lead to early synapto-
genesis and improper fine-tuning of the brain later in develop-
ment.30 Pregnant and lactating mice are sensitive to endocrine
disruption. Studies have found that BPS could induce neuro-
logical and behavioral changes in perinatal mice, including
maternal behavior and even affecting offspring’s behavior and
neurodevelopment.60,61 Mersha et al. found that early exposure
of embryonic nematodes to BPS and BPA affects adult
behavior.62

There is a complex relationship between normal growth
and thyroid hormone homeostasis, and the destruction of
thyroid hormone homeostasis could affect the normal growth
and metabolism of vertebrates.53,63 We found that the body
length of C. elegans was significantly inhibited when the BPS
concentration was ≥0.01 μM, which may be related to BPS
interference with thyroid hormone homeostasis. Previous
studies have demonstrated that BPA adversely affected post-
embryonic development via disrupting thyroid hormone sig-
naling in vertebrates.64 Zhang et al. showed that BPS, similar
to BPA, may also inhibit the growth and development of
C. elegans via interfering with the signaling pathway of thyroid
hormone signaling.65

In the present study, we also evaluated the effects of BPS on
the reproduction of C. elegans. The study found that BPS could
significantly reduce the brood size of C. elegans. The results of
the study were consistent with existing research data, and a
large number of studies have shown that BPS could destroy the
reproductive system. BPS could cause a decrease in egg pro-
duction and hatching rate and the teratogenic rate increased
significantly in the study of BPS exposure to zebrafish.66 BPS

may disrupt the balance of sex hormones and adversely affect
sexual development or reproduction.29,67 Low levels of BPS
may influence the feedback regulation loop of the hypothala-
mic-pituitary-gonadal (HPG) axis and impair the development
of offspring.32 Mammal studies have shown that BPS could
induce testicular oxidative stress and exhibit antiandrogenic
properties.68,69 As a result, the epithelial height of the semini-
ferous tubules was thin and the number of sperms was
reduced.29 In vitro studies have found that mammalian oocytes
were highly sensitive to the effects of BPS. BPS has a signifi-
cant negative impact on the maturation of pig oocytes
in vitro.70 BPS could disrupt oocyte meiosis progression and
spindle formation, and alter cumulus cell gene expression and
hyaluronic acid production.71 The effects of BPS on the ovaries
are largely unknown. Oestradiol produced by the granulosa
cells is a modulator of oocyte developmental competence and
is also an important component of the HPG axis.72 Therefore
we suspect that BPS may alter plasma estradiol levels and
reduce the number of eggs laid. Campen et al. verified this
hypothesis, and they found that 100 μM BPS could induce an
increase of basal estradiol in bovine granulosa cells.73

It was noticed that our study found that the lifespan of
C. elegans with BPS concentrations ≥0.01 μM was significantly
inhibited. Factors affecting the lifespan are complex, and
apoptosis may be one of the factors. Previous studies have
demonstrated that BPA induces apoptosis in various cell types
via the mitochondrial pathway.74,75 There is also evidence that
BPS may have a certain effect on the endoplasmic reticulum,
mitochondria and cell membrane, which can regulate caspase
activation, leading to apoptosis.76–78 The study found that oxi-
dative stress induced by reactive oxygen species was an impor-
tant link in apoptosis.79 Oxidative stress has been shown to be
involved in aging and various disease developments.80–82 Our
study found that BPS exposure to C. elegans could significantly
induce an increase in ROS levels and a decrease in SOD levels.
This indicated that BPS could damage the intracellular anti-
oxidant system and cause oxidative damage. The production
and elimination of active oxygen in the body are in a state of
dynamic equilibrium under normal circumstances, which has
no harmful effect on the body. However, if the balance is
broken, and the active oxygen is generated in a large amount
and exceeds the scavenging ability of the antioxidant system,
the body will form an oxidative stress state.83 Qiu et al. also
found that BPS could cause severe oxidative stress at higher
BPS exposure concentrations, subsequently destroying cell
homeostasis and promoting apoptosis.13 Based on our studies,
we hypothesized that BPS may affect apoptosis by oxidative
stress and thus affect the lifespan of C. elegans.

BPS has been widely used as a substitute for BPA in the pro-
duction of baby bottles. One recent study reported that BPS
was found in four maternal and seven cord sera samples col-
lected from China.84 Another study in the United States also
reported that the estimated daily intake of BPS in young chil-
dren was higher than that in other age groups.22 Therefore it
raised our concern whether BPS would have a more profound
impact on the offspring. Zhou et al. have found that continu-
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ous exposure of BPA for multiple generations still has a nega-
tive impact on the locomotion behavior, body length and life-
span of C. elegans.85 We continuously exposed four generations
based on the first generation results to study the effects of BPS
on the locomotion behavior, growth and reproduction of
C. elegans. Our study found that with the transmission to
offspring, BPS has a more significant inhibition on the head
thrashes of the fourth generation of C. elegans, and the influ-
ence on the body bends and body length was gradually wea-
kened. The effect of BPS on the brood size of C. elegans
showed different rules according to different concentrations
and generations, which indicated that BPS showed more com-
plicated effects on reproductive toxicity. In experiments with
BPS exposure to zebrafish, Ji et al. found that parental
exposure to environmentally relevant concentrations of BPS
resulted in delayed and damaged hatching and increased mal-
formation rates of the offspring generation.66 Pregnant and
lactating mothers may be sensitive and vulnerable to endo-
crine disruptors. The effects of BPS on mothers may affect the
behavior and neurodevelopment of her offspring.61,86 More
and more research evidence indicates that the genetic toxicity
of BPS deserves our attention.

5. Conclusion

To the best of our knowledge, our research is the first to use
C. elegans for the safety assessment of BPS and the first to
assess the genotoxic effects of multiple exposures of BPS. Our
study demonstrates that BPS could have a negative impact on
the locomotion behavior, growth, reproduction, lifespan and
antioxidant system of C. elegans. It is worth noting that in the
multi-generation continuous exposure experiment, BPS could
still have a negative effect on C. elegans. BPS may not be a safe
substitute for BPA, which may have similar toxic effects to
BPA. The safety of BPS needs further evaluation, especially the
potential genotoxic effects.
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